PACS. 65.60.+a -Thermal properties of amorphous solids and glasses. PACS. 05.40.-a -Fluctuation phenomena, random processes, noise, and Brownian motion. PACS. 75.10.Nr -Spin-glass and other random models.
Introduction.
-After a rapid change of an external parameter, e.g. a temperature quench, the properties of aging materials slowly evolve with the age t w , i.e. the time elapsed from the initial change. Since the phenomenon was first observed in polymers [1] , evidence has accumulated that many complex materials, among others spin-glasses [2] , type II superconductors [3] , glasses [4] , and soft condensed matter [5] , have similar aging properties, e.g. : For observation times t ≪ t w averages are nearly constant, and autocorrelations and their conjugate linear response functions are connected by an equilibrium-like fluctuation-dissipation theorem (FDT). For t ≫ t w the FDT is violated and physical averages visibly drift. As recently discovered, this happens in an intermittent fashion [6, 7] , i.e. through rare, large, and spatially heterogeneous re-arrangements. These manifests themselves as non-Gaussian tails in the probability density function (PDF) of configurational probes such as colloidal particle displacement [8, 9] and correlation [10] or voltage noise fluctuations in glasses [11] .
In this Letter, intermittent events, for short quakes, are considered the main source of de-correlation in the non-equilibrium aging regime. Using the idea [12, 13] that quakes are irreversible and triggered by energy fluctuations of record magnitude, we formulate a simplified model for the aging behavior of the autocorrelation PDF. The predictions, which are partly analytical, agree with macroscopic and mesoscopic data from the literature and with the spin-glass simulations presented here. They include a power-law decay of the average correlation [14] , and a left-skewed autocorrelation PDF. The latter resembles colloidal gels data [10] and data for spin-glasses and kinetically constrained models [15, 16] , and is closely approximated by Gumbel distributions [16, 17] .
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The auto-correlation PDF. -In anticipation of our simulations of the Edwards-Anderson spin-glass [18] model, the configuration variables are taken as Ising spins. However, as the modeling assumptions concern mesoscopic properties, one could equally think of binary pixels in the image of an aging system. Configuration changes are gauged by the Hamming distance H, i.e. the number of spins with different orientations at times t w and t w + t. We discuss the probability P H (h, t w + t | 0, t w ) for H = h at time t w + t, given H = 0 at t w , and determine the PDF of the scaled autocorrelation C via the relation
where N is the system size. P H (h, t w + t | 0, t w ) can be written as the average
Here, (i) P S (s) is the distribution of the number S of flips occurring in total through t; and (ii) P H (h | s) is the conditional distribution for H = h, given that s flips have occurred.
Assuming for simplicity that a flip can occur anywhere with probability 1/N leads to:
with the initial condition
The solution is
where the probability vector P H has elements P H (0 | s), P H (1 | s) . . . P H (N | s), and where T , a (bi-diagonal) stochastic matrix connecting state vectors one flip apart, is implicitly given by Eq. 3. For s → ∞ one obtains a binomial distribution, which, for N ≫ 1 is nearly a Gaussian. As t → ∞ (with t w fixed) corresponds to an infinite number of flips, this Gaussian is the stationary limit of P H as well. Note that, as the stationary variance is N/4, H/N and C become sharply peaked in the thermodynamic limit. The total number of flips S cumulates the effect of i independent quakes occurring between t w and t w +t. Assuming with refs. [12, 13] that quakes are induced by record-sized fluctuations, their number i has a Poisson distribution with average
Importantly, α is independent of the temperature [12, 13] , but has a linear dependence on the system size N . The latter arises since spatially separated sub-regions contribute to the intermittent signal in an additive fashion. The sizes X i of the quakes are treated as independent stochastic variables sharing the exponential PDF P X (x) = q exp(−qx),
where 1/q is the quake average size, and where the integer nature of X has been neglected. We note that a nearly exponential form was observed in a model of vortex dynamics [19] , and that this form is consistent with the asymptotically exponential distribution of the energy released in the quakes [13, 20] . The sum S i of i independent exponential variables has the gamma density
Averaging P Si over the Poisson distribution of i, leads to
where the δ function on the r.h.s. covers the case where no flips occur. With the auxiliary variable z = (4qsn I ) 1/2 , Eq. 9 is recast into
where I 1 is the modified Bessel function of order one (See e.g. Abramowitz & Stegun, 9.6.10).
The dependence on ln(1 + t/t w ) through n I is left understood for typographical reasons.
In the sequel the term in Eq. 10 containing the δ-function is neglected, since e −nI is small unless t ≪ t w . This approximation implies that the model PDF, standardized to zero average and unit variance, has no temperature dependence. The standardized PDF is σ S P S ((s − µ S )/σ S ), where µ S = n I /q and σ 2 S = 2n I /q 2 denote the average and variance of S. Because of the form of these moments, q drops out of the PDF, but, as q carries the full T dependence, the latter drops out as well.
The s dependence of the average and variance of H, µ H (s) and σ 2 H (s) can be gleaned from the moment generating function
Omitting the details, one finds
and
Finally, averaging Eqs. 11 and 12 over P S (s) (Eq. 10), reintroducing the time dependence of n I and making the approximation − ln(1 − 2/N ) ≈ 2/N , one finds
We note that the extensivity of α(N ) guarantees that the exponent
approaches a finite limit for N → ∞. The average (macroscopic) form of the correlation function C, is obtained from Eqs. 13 and 1 as
Similar steps lead from Eq. 12 to
Panel (a) of Fig. 1 shows, for three different values of n I = α(N ) ln(1 + t/t w ), the model PDF as obtained from Eqs. 10, 5 and 2. The two show the n I dependence of µ C and N σ 2 C , as obtained from a numerical evaluation of the model equations (circles) and from the analytical formulae obtained by reintroducing n I (t, t w ) in Eqs. 15 and 16.
In standard form (see e.g. ref [16] ), the one-parameter family of Gumbel densities is given by Φ g (y) = Ψ denotes the digamma function, Ψ ′ its derivative and g is a real number. Gumbel densities describe fluctuations in complex systems [17] , but also the autocorrelation PDF in a spin-glass and a kinetically constrained model [16] . Fig. 1,(b) shows that our model PDF is very close to its 'best' Gumbel fit, obtained by minimizing the L 1 distance between the two. As shown in the left insert of the figure, the best g value is linearly related to the model parameter n I as g = 0.300n I − 0.185. The right insert shows that the Gumbel approximation is good or excellent for N I > 1.
Comparison with spin glass simulations. -The form of the average autocorrelation function µ C of spin-glass models has been much debated [14, 16, 21, 22] . For t > t w , µ C is very nearly a function of t/t w , which can be fitted by a power-law with a temperature dependent exponent. Picco et al. [21] found an excellent scaling using the variable ln(t w + t) − ln(t w ), which is implied by Eq. 15. In the analysis, we ignore the small deviations from t/t w scaling and improve the PDF estimates by lumping data with the same t/t w value. The autocorrelation PDF has been studied by Castillo et al. [15] . For the EA spin-glass model the PDF approximatively obeys t/t w scaling. Chamon et al. [16] consider, beside the EA model, a kinetically constrained model with trivial statics. In both cases, the autocorrelation PDF, shifted to zero mean and rescaled to unit variance, can be fitted to time evolving Gumbel-like distributions. The point of Fig. 1 , is that our model provides a fully equivalent description. The simulations describe a standard Edwards-Anderson Ising spin-glass [18] with Gaussian couplings on a cubic lattice of size N = 16 3 . They utilize an event driven simulation technique [23] , whose 'intrinsic' time unit corresponds, for large systems, to one Monte Carlo sweep. Age zero coincides with the beginning of the simulations. Starting at t w = 100, the autocorrelation data are sampled at logarithmically equidistant times, and binned in 100 bins. We perform 1000 independent simulations, which gives precisely 1000 samples for t/t w = 20, but, due to the cumulation of data sets with the same t/t w value, up to 20000 samples for t/t w = 1.
The left panel of Fig. 2 shows the model prediction (Eq.15) as a full line and the data as squares. Both decay as a power-law of 1 + t/t w with the exponent λ(T ), whose temperature dependence is empirically found to be
Here we have used the value T g = 0.97 for the critical temperature of the model [24] . Kisker et al. [14] similarly find a linear behavior, but with a somewhat higher λ. Unlike the present case, they also allow a small additional t w dependence of the exponent, which goes beyond pure t/t w scaling. Since α is T independent, the linear T dependence of λ(T ) reflects the average quake size 1/q. The empirical variance estimate is well above the value given in Eq. 16. The fit shown in the right panel of the figure requires therefore an additional shift and rescaling, according to the formula N σ error. For similar reasons, the numerical PDF is normalized 'by hand' in order to fit the model PDF. The abscissa is rescaled horizontally by a few percent of its range, due to the inaccuracy in the variance estimation. The three panels of Fig. 3 correspond, from left to right, to t/t w = 3, 8 and 26. In each panel, data for temperatures T = 0.3, 0.5 and 0.7 are shown as points with error bars. Their collapse illustrates the anticipated T independence of the autocorrelation PDF. The full lines are the model predictions. Using Eq. 6, a fit of the rightmost curve to the value n I = 50 gives α ≈ 15. This fixes the remaining two values of n I .
Summary and discussion. -Our approach strongly emphasizes the distinction between pseudo-equilibrium fluctuations and intermittent events and provides a simple, yet reasonably accurate, description of the non-equilibrium aging properties of the autocorrelation after a deep quench. The model relies on the statistical description of intermittency provided by record induced dynamics [12, 13] , and, together with allied efforts [19, [25] [26] [27] , lends support to the view that record-sized fluctuations lie at the root of many complex phenomena in metastable glassy systems.
